ABSTRACT The aim of this study was to compare the performance of hens (feed intake, rate of lay, egg weight, and BW gain), egg quality and blood biochemistry (enzymes, electrolytes, proteins, and other plasma constituents) of laying hens fed diets containing hemp products. Forty-eight Lohmann LSL-Classic (white-egg layers; 19 wk of age) were individually caged and fed 1 of 6 wheat-barley-soybean-based diets for a period of 12 wk. The diets consisted of hempseed (HS; 10, 20, or 30%), hempseed oil (Ho; 4.5 or 9.0%), or a control diet (corn oil-based). All diets were formulated to contain similar levels of crude fat (11%), energy (2,800 kcal/ kg), and CP (17%). Data were analyzed as a completely randomized design using the repeated measure analysis of the PRoC MIXED procedure of SAS. The results indicated that the inclusion of up to 30 and 9.0% HS and Ho, respectively, to diets of laying hens had no significant effects on hen performance, egg quality, or plasma level of metabolites (proteins, glucose, uric acid, and cholesterol) and electrolytes (Na, K, Cl, P, and Ca). overall plasma enzyme concentrations, particularly gamma-glutamyl transferase, were significantly (P < 0.01) lowest at the 10 and 20% levels of HS inclusion, or at the 4.5% Ho level of inclusion of the hempseed products compared with the higher levels or control fed hens. Similar effects were also observed for plasma aspartate aminotransferase levels but with the HS enriched diets only (P < 0.05), particularly being lowest at the inclusion levels of 10 and 20% HS compared with the control. The results may imply a possible protective effect of HS-and Ho-containing diets, particularly at 10% HS, 20% HS, and 4.5% Ho levels, on liver damage/injury. In summary, both Ho and HS appear to be well tolerated by laying hens as judged by markers of plasma clinical chemistry supporting the safety and efficacy of hemp products for use in laying hen rations.
INTRODUCTION
Since 1998, the commercial production of industrial hemp (Cannabis sativa L.) has proceeded in Canada under strict licensing requirements (Health Canada, 2012) . Despite their current, albeit limited, availability, hemp products including whole hempseed, hempseed oil, and hempseed meal/cake are not approved for use in commercial feeds for any class of livestock in Canada. Evidence for the safety and efficacy of these products are required by regulatory agencies to approve their use. Industrial hemp is bred to contain low levels (<0.3%) of the psychoactive substance delta-9-tetrahydrocannabinol, and this fact has renewed interest in the quality of the seed and seed products as dietary sources of protein and energy for animals, including poultry.
With respect to its nutritive value, whole hempseed contains 24% CP and 30% crude fat (House et al., 2010) . The fecal digestibility of the protein in hempseed, dehulled hempseed, and hempseed meal, as measured in a rat bioassay, was determined to be between 85 and 96%, with the neutral detergent fiber (hull) fraction having a suppressive effect on digestibility values. With respect to protein quality, lysine is the first limiting amino acid in hemp proteins for most animals (House et al., 2010) . The formulation of laying hen rations with hempseed meal, at up to 20% of the ration, provided evidence that the protein and energy associated with the meal could support production performance of laying hens over a 4-wk study period (Silversides and Lefrancois, 2005) . More recently, we have documented the efficacy of whole hempseed and hempseed oil in providing protein/energy in support of egg production in Bovan White laying hens after 12 wk of feeding . Hempseed oil is relatively rich in the n-3 fatty acid α-linolenic acid (ALA; 17% of total fatty acids; Gakhar et al., 2012) . Given the high ALA content of hemp oil, we documented increases in both ALA and the long-chain n-3 fatty acid docosahexaenoic acid in eggs, as a function of increased hempseed and hempseed oil inclusion , without effects on the overall sensory qualities of the eggs . Although data exist to support the efficacy of hemp products in maintaining egg production, additional data are required in support of the safety of these products for the hen, particularly at higher inclusion levels.
In chickens, the liver is the principal site of lipid metabolism (Hermier, 1997) , and due to portomicron absorption (Bensadoun and Rothfeld, 1972) , the liver is exposed to fat that reflects dietary origin. Hemp products contain high content of unsaturated lipids, making them susceptible to oxidation (Leskanich and Noble, 1997) . Lipid peroxidation of hepatocyte and organelle membranes can result in oxidative damage, increasing the susceptibility of laying hens to hepatic diseases, including fatty liver hemorrhagic syndrome (Squires and Leeson, 1988; Schumann et al., 2003) . Given the key role of the liver in lipid metabolism, it is therefore vital to include assessments of hepatic and metabolic health in the face of consuming novel dietary lipids. Concentrations of biochemical variables measured in either the serum or plasma, including aspartate aminotransferase (AST) and gamma glutamyl transferase (GGT), are often used for assessing liver function in chickens (Fernandez et al., 1994; Diaz et al., 1999) . Although the amount and type of fat in diets of hens is known to improve the digestibility of other dietary components (Mateos and Sell, 1980) , changes in the content of plasma nitrogenous compounds correlate closely with the metabolic changes in the body, particularly before peak egg production (Gyenis et al., 2006) . In addition, changes in hepatic function can influence the metabolism of minerals, including Ca and P, necessary for skeletal integrity and eggshell quality (Jiang et al., 2013) . The novelty of this paper lies in the following aspects: i) assessing the effect of higher levels of inclusion of hemp-derived products, particularly intact hempseed, in laying hen diets and ii) evaluating indices of clinical chemistry in relation to overall production performance and egg quality measures; these aspects have not been reported in earlier studies. Hence, the results from this study will provide data to help support or refute efficacy and safety claims for hemp products as feed ingredients in laying hen rations.
MATERIALS AND METHODS

Birds and Housing
A total of 48 Lohmann LSL-Classic (white-egg layers; 19 wk of age) were individually placed in conventionaltype cages that provided a floor space of 1,032 cm 2 per hen and a perch. Hens were housed under semi-controlled environmental conditions whereby the heating/ ventilating control system depended on the temperature of the inflow air and was recorded based on average temperature. During the period of study (winter climates), the temperature and RH in the barn were on average 21.6 ± 1.06°C and 23.3 ± 1.53%, respectively. In addition, the hens were exposed to a 16-h photoperiod for a period of 12 wk. The hens were allowed a period of 2 wk to adapt to their individual cages. Feed and water were available to permit ad libitum consumption. All management procedures used during this study were in accordance with recommendations established by the Canadian Council on Animal Care (1993) which were reviewed and approved by the University of Manitoba's Animal Care Protocol Management and Review Committee.
Diets and Experimental Approach
Six wheat-barley-soybean-based diets were formulated to meet most of the nutrient specifications for Lohmann LSL-Classic hens within phase 1 of the production cycle (50% egg lay to 45 wk of age) consuming 105 to 115 g/hen per d of feed, as indicated in the strain's layer management guide. Although the recommended daily hen requirement level of linoleic acid for Lohmann LSL-Classic laying hens in phase 1 is 2.0% of the diet (Layer Management Guide, Lohmann LSL-Classic, 2004) , the levels in the diets of the current study were higher because the diets were formulated to accommodate the highest inclusion level of hempseed (30%) and hempseed oil (9.0%) being tested, which consequently contain higher levels of crude fat (11% of the diet). However, the LA content in all diets was formulated to be similar (in the range of 3.87 ± 0.15%). The diet formulations and treatment regimens are presented in Table 1 . The HS and Ho used in the formulation of the diets were sourced through Hemp oil Canada (St. Agathe, MB, Canada) . Although the chemical composition of the Ho (processes oil) used in this study was similar to those previously used in the same laboratory , the chemical profile of the HS for this study is indicated in Table 2 . For a homogeneous mix in the diets, the hempseeds (whole intact seeds) were first mixed with wheat grains (coarse particle size) in a ratio of 50:50 (based on the highest inclusion level of HS to wheat ratio), and then milled using a small hammermill before the diets were formulated. The diets consisted of a control (corn oil-based), hempseed (HS; 10, 20, or 30% by weight) or hempseed oil (HO; 4.5 or 9.0% by weight), with diets formulated to be isocaloric (AME n ), isonitrogenous, and isolipidic (energy, 2,800 kcal/kg; CP, 17%; and crude fat, 11% by weight). Due to the high PUFA content of the diets, additional vitamin E (total of 150 IU/kg of diet) was included in the diet, along with synthetic antioxidants (Table 1) . Diets were mixed immediately before the commencement of the study, and stored in a cool, dry storage room. Subsamples of each diet (150 g) were ground and analyzed for DM following the method 925.09 (AoAC, 1990), gross energy using a Parr adiabatic oxygen bomb calorimeter (Parr Instrument Co., Moline, IL), crude fat following method 920.39 (AoAC, 1990) , and N using a Leco analyzer (NS-2000, Corp., St. Joseph, MI). Dietary mineral levels were determined by inductively coupled plasma mass spectrometry (Varian Inc., Palo Alto, CA) after samples were ashed for 12 h and digested according to AoAC (1990) procedures (method 990.08).
Hen Performance
At the end of each week, total feed consumption was determined as the difference between feed offered and residual feed remaining in feeders. Egg weight and egg production were recorded on a daily basis, and hen BW were measured weekly. Hen performance variables were 1 Provided per kilogram of diet, vitamin-mineral premix contained 11,000 IU of vitamin A, 3,000 IU of vitamin D 3 , 150 IU of vitamin E, 3 mg of vitamin K 3 (as menadione), 0.02 mg of vitamin B 12 , 0.2 mg of biotin, 6.5 mg of riboflavin, 4 mg of folic acid, 10 mg of calcium pantothenate, 39.9 mg of niacin, 2.2 mg of thiamine, 4.5 mg of pyridoxine, 1,000 mg of choline chloride, 125 mg of antioxidant (ethoxyquin), 66 mg of manganese oxide, 70 mg of zinc oxide, 80 mg of ferrous sulfate, 10 mg of copper sulfate, 0.3 mg of sodium selenite, 0.4 mg of calcium iodate, 0.67 mg of sodium chloride (salt).
2 Mean values ± SD. 3 ADF = acid detergent fiber; NDF = neutral detergent fiber. expressed as averages over the corresponding study week and average BW gain was calculated as the difference between consecutive weekly weight measurements.
Egg Quality Measurements
Egg yolk weight and eggshell measures (eggshell weight and thickness) were recorded on wk 4, 8, and 12 (from eggs collected for 3 consecutive days within each period). Eggs were broken to determine yolk weight using a digital scale. Thereafter, the shells of the same eggs were washed with the eggshell membrane intact and allowed to dry at room temperature for 2 d before final weight and thickness measurements. Egg shell weights obtained during periods 8 and 12 were expressed per unit of surface area to obtain the shell index as described by Sauveur (1988) . Shell thickness was determined using a thickness gauge micrometer (B. C. Ames Co., Waltham, MA) on 3 replicate shell chips obtained from areas along the equator of the egg. The obtained thickness values (in thousandths of an inch) were converted into micrometers by multiplying by 25.4. Egg-specific gravity and Haugh unit scores (an index of albumen quality) were determined as previously described (Samli et al., 2005) .
Plasma Clinical Chemistry
on wk 6 and 12, blood samples were obtained from the wing vein using heparin-treated syringes, then immediately transferred into lithium heparinized vacutainers. The samples were kept in an ice box and transferred to the Manitoba Veterinary Services Laboratory (Winnipeg, Manitoba, Canada) for further assays and analysis using an automated analyzer (Cell-Dyn 3500 System, Abbott Laboratories, Abbott Park, IL). The plasma chemistry analysis included enzymology tests for creatine kinase (CK), AST, GGT, electrolytes (Na, K, Cl, P, and Ca), plasma proteins (total protein, albumin, and globulin), and other plasma constituents (uric acid, glucose, and cholesterol).
Statistical Analysis
All data were analyzed as a completely randomized design with the individual hen as the experimental unit. Apart from the data for cholesterol, all other data were used in the repeated measure analysis of PRoC MIXED procedure of SAS (SAS Institute Inc., Cary, NC) according to the following model:
where µ = overall mean, d i = fixed effect of diet (i = 1 to 3 for HS-containing diets and k = 1 to 2 for Hocontaining diets), h ij = random effect of hen within diet (treatment; j = 1 to 8, number of hens per treatment), w k = fixed effect of week (k = 1 to 12, for production performance; k = 1 to 3, for egg quality measures; k = 1 to 2, for plasma chemistry), and dw jk = interaction between diet and week (treatment × period), and e ijk = random error variation (residual error). Treatment (diet) × week interactions were considered as fixed effects. The data for cholesterol were based on wk 12 only and were analyzed using the PRoC GLM procedure of SAS. In all analyses, least squares means (LSM) were compared using Tukey's procedure after ANoVA and the significance levels were based on P < 0.05. Feed intake, the average of wk 6 and 12, was used as a covariate in the analysis of all plasma chemistry, except for cholesterol (feed intake of wk 12 only applied). Data points with studentized residuals below or above 3.0 were considered outliers and excluded from the analysis.
RESULTS
Hen Performance
The inclusion of HS or Ho in laying hen diets did not significantly affect hen performance variables. In both treatment groups, there was a significant (P < 0.0001) week effect for feed consumption, increasing at wk 1 and leveling off after wk 6 (Table 3 ; individual week data shown only for wk 1, 4, 6, 8, and 12 ). An increase in BW gain was noted in wk 1, but decreased in subsequent weeks, reflective of the trend in feed intake, possibly due to hens adapting to diets. However, positive weight gains were achieved earlier for the hens consuming the HS diets than those on the Ho treatments and maintained to the end of the experiment. The rate of egg lay increased to more than 90% of production by wk 6 to 7, and remained relatively constant through to the end of the study. Although week effect was not significant, for the Ho treatment groups, numerically, the rate of egg lay followed a similar trend to the HS treatment groups. Egg weight increased substantially from wk 1 to 4, steadily increased to wk 6 (for HS) and wk 8 (for Ho) treatments and remained constant thereafter. Hens consuming the 30% HS had a significantly (P < 0.001; Figure 1a ) lower egg weight compared with those consuming the control or the lower levels of HS (10 or 20%) between wk 3 and 8, after which egg weights were similar between treatment. on the other hand, a significant (P < 0.01) diet × week interaction in feed intake between treatments was observed in wk 2 and 3, in which hens consuming the 4.5% (P < 0.0001) and 9.0% (P < 0.05) level of Ho had lower intakes relative to those fed the control diet (Figure 1b) . However, by wk 3 there was a substantial increase in feed intake by both groups of hens, similar to those in the control, with no marked differences in feed intake between the 3 groups of hens to the end of the experiment.
The length of the assay period in the current study (wk 21 to 33) included periods of increasing egg pro-duction and increasing feed intakes (Layer Management Guide, Lohmann LSL-Classic, 2004) . Although Lohmann LSL-Classic hens are expected to start a phasefeeding program at 28 wk, all experimental hens were already in lay and hence started on the experimental layer diets (phase 1 diets, Table 1), depending on the level of production rather than by age. Hence, the observed interactions (feed intake and egg weight) and the age effects on the performance parameters tested, particularly in the early stages of the production cycle, may be related to the degree of development of the digestive tract in relation to nutrient supply.
Egg Yolk Weight, Haugh Unit Score, and Eggshell Quality Measurements
Egg quality measurements including egg yolk weights, Haugh unit scores, and eggshell (specific gravity, eggshell weight, and eggshell thickness) were not influenced by the inclusion of either HS or Ho to diets of the laying hens (data not shown in tables). For the HS treatment groups (control, 10, 20, or 30% HS) , the corresponding variables measured were egg yolk weight: 14.8, 14.8, 14.1, 14.2 ± 0.33 g; Haugh unit: 91.9, 93.4, 94.0, 94.8 ± 1.31; specific gravity (absolute): 1.089, 1.088, 1.089, 1.089 ± 0.001; shell index: 8. 16, 7.93, 7.99, 7 .83 ± 0.11 g/100 cm 2 ; and eggshell thickness: 394, 388, 394, 386 ± 4.95 microns, respectively. Similarly, for the Ho groups (control, 4.5 or 9.0% Ho), the measurements were egg yolk weight: 14.8, 14.1, 14.6 ± 0.25 g; Haugh unit: 91.9, 91.6, 92.3 ± 1.51; specific gravity (absolute): 1.0890, 1.0883, 1.0885 ± 0.0007; shell index: 8.16, 8.01, 7.95 ± 0.13 g/100 cm 2 ; and eggshell thickness: 394, 393, 387 ± 5.57 microns, respectively. Although there were no significant diet × week interactions, the significant main effects of week for egg yolk weights (P < 0.0001), Haugh unit scores (P < 0.0001), shell index (P < 0.0001), and eggshell thickness (P < 0.01) indicated a change over time along a pattern that would be expected as hens age. In both treatment groups, as the egg yolk weight increased with age, Haugh unit, shell index, and eggshell thickness decreased; however, the latter was only evident in the last period (significantly higher in wk 4 or 8 compared with wk 12 (i.e., HS: 393 and 393 vs. 385 ± 2.90; P < 0.01, and Ho: 397 and 393 vs. 384 ± 3.46; P < 0.0001, respectively). 
Plasma Enzymes and Electrolytes
Analyzed plasma enzyme profiles are presented in Table 4 (HS) and Table 5 (Ho). overall, the addition of either HS or Ho to the diets of the laying hens had no effect on plasma levels of CK, although in both cases, significantly higher (P < 0.0001) plasma CK activity was observed in wk 12 versus wk 6. The inclusion of HS in diets of the laying hens had a significant quadratic effect in the levels of AST (P < 0.01 and P < 0.05) and GGT (P < 0.001 and P < 0.0904; a tendency in the latter) in both wk 6 and 12, respectively, with lower levels being observed for hens consuming diet with the 10 and 20% HS levels versus the control or the 30% level. A linear effect (P < 0.01) due to HS inclusion was also evident for AST levels in the plasma in wk 12, whereby lower levels of the enzyme were noted in the HS-fed hens compared with the control group. overall, significantly lower (P < 0.05) AST and (P < 0.01) GGT plasma levels for the hens consuming diets containing 10 or 20% HS relative to control or the 30% HS treatment groups (Table 4) were observed. Significant diet × week interactions were noted for plasma AST (P < 0.01) and GGT (P < 0.05) in hens consuming the HS diets, reflecting a decrease in the levels of these enzymes in wk 12 compared with that in wk 6 (163 vs. 190 and 38.5 vs. 41 .7 U/L; for AST and GGT, respectively). The interaction effects were mainly due to the inclusion of the 30% HS that resulted in a significant reduction in the levels of both AST (P < 0.01) and GGT (P < 0.05) in wk 12 versus wk 6 compared with the control or the 10 and 20% HS levels. The inclusion of Ho in the laying hen diets did not affect the plasma AST levels; however, plasma GGT levels of hens consuming the 4.5% Ho diet were significantly lower (P < 0.01) compared with levels found in hens consuming either the control or the 9.0% Ho diets (Table 5 ). This was supported by the significant (P < 0.01) quadratic responses observed in both wk 6 and 12 in the levels of plasma GGT due to the inclusion of Ho. Feed intake was used as a covariate in the analysis of the plasma chemistry variables of the laying hens, and significant effects (P < 0.05; data not presented in tables) were observed only for the plasma GGT levels in hens consuming the HS, but not the Ho diet.
There was no significant main effect of the inclusion of HS in the laying hen diet on the plasma levels of Na, K, Cl, P, and Ca (Table 4) . However, a significant week effect on plasma ions levels was noted for all analyzed ions except K. Whereas plasma levels of Na increased, the levels of Cl ions decreased in wk 12 than in wk 6. In addition, both macrominerals (Ca and P), were observed to increase with age. A significant (P < 0.05) week × diet interaction in plasma Ca levels is explained by the increase over time of plasma Ca levels due to the inclusion of the 30% level of HS (P < 0.01) in the laying hen diets; 5.15 vs. 6.80 mmol/L for wk 6 and 12, respectively. Although the plasma Ca levels in the groups fed the control or the lower inclusions of HS (10 or 20%) were also numerically increased with time, there were no significant differences between the levels in wk 6 and 12. Similar to the results with the HS diets, plasma levels of Na, Cl, P, and Ca ions were not influenced by the inclusion of Ho in the diets of the laying hens (Table 5) . However, the level of plasma K showed a significant (P < 0.01) quadratic response in wk 12 due to the inclusion of Ho, which overall was significantly lower (P < 0.05) in hens consuming the 4.5% Ho diet, compared with those consuming the 9.0% Ho diet or the control. In addition, significant effects of week were noted (P < 0.01) for plasma levels of Na, P, and Ca, with values being higher at wk 12 compared with wk 6; however, the interaction with diet was not significant.
Plasma Proteins, Glucose, Uric Acid, and Cholesterol
Across the levels of HS inclusion, there were no significant differences in the concentrations of plasma me- consuming diets containing hempseed (HS) and hempseed oil (Ho), respectively, as a function of diet × week interaction for control (•), 10% HS or 4.5% Ho (○), 20% HS or 9.0% Ho (▼), and 30% HS (Δ). Data points are group means ± SE (n = 8). *, ^, and # denote significant (P < 0.05) differences for either a) the 30% HS from its counterpart treatments or b) 4.5% Ho from the control diet, 9.0% Ho from the control diet, and differences between the 2 Ho treatments, respectively. Table 4 . Plasma enzymes (creatine kinase, CK; aspartate aminotransferase, AST; gamma glutamyl-transferase, GGT) and electrolytes (Na, K, Cl, P, and Ca) of laying hens fed diets containing hempseed ( tabolites, including plasma proteins, uric acid, glucose, and cholesterol (Table 6 ). However, significant week effects (P < 0.05) were noted for plasma levels of total protein (51.5 vs. 55.0 ± 1.26 g/L), globulin (32.8 vs.
35.8 ± 1.02 g/L), A/G ratio (0.58 vs. 0.54 ± 0.01), and uric acid (212.6 vs. 248.5 ± 9.94 μmol/L) for wk 6 versus wk 12, respectively. The plasma levels of albumin (18.7 and 19.3 ± 0.30 g/L) and glucose (13.2 to 13.6 ± 0.19 mmol/L) did not differ over time (Table 6 ). The level of plasma albumin was significantly lower (P < 0.05) for hens consuming diets containing 4.5% Ho versus those consuming either the control or the 9.0% Ho diets (Table 5 ); this was supported by a quadratic response (P < 0.01, wk 12) due to the inclusion of Ho in the diets of the laying hens. Whereas there were no significant main effects of diet on the A/G ratio in the plasma, the ratio was significantly lower (P < 0.05) in wk 12 versus wk 6 in both treatment modalities. overall, there were no significant differences in the concentrations of plasma cholesterol for hens consuming diets containing either HS (Table 6) or Ho (Table 7) , when compared with control conditions.
DISCUSSION
Data exist to support the nutritional value of hemp (Cannabis sativa L.) seed and oil for laying hens, in relation to their uses as sources of dietary energy and essential fatty acids (Parker et al., 2003; Callaway, 2004) , and for the enrichment of eggs with long-chain n-3 PUFA Goldberg et al., 2012) . However, little is known about the effect of the inclusion of these products on plasma chemistry values when fed to laying hens. The latter data can serve to provide additional evidence as to the safety and efficacy of these potential feed ingredients for laying hens.
In the current study, the overall hen performance (feed intake, rate of lay, egg weight, and BW gain) was not influenced by the inclusion of graded levels of either HS (up to 30%) or Ho (up to 9.0%) in the diet, when compared with hens fed the control diet. These results are consistent with previous studies examining the utilization of hemp products by laying hens (Silversides and Lefrancois, 2005; Gakhar et al., 2012) . Consistent with changes in indices of performance with advancing age of hens, the main effect of time was significant for feed intake, BW gain, rate of egg lay, and egg weight. Although overall feed intakes were lower than expected for the breed type (105-115 g/hen per d for Lohmann LSL-Classic hens in phase 1), in part due to high fat content in the diets (Grobas et al., 2001) , peak egg lay was achieved at approximately 6 to 7 wk of age (approximately 27 to 28 wk of age) in accordance with breed standards (Layer Management Guide, Lohmann LSL Classic, 2004) .
A significant diet × week effect in egg weights for hens consuming the 30% HS was presumably due to an extended adaptation time by the hens to the feed (between wk 3 and 6) without affecting total egg production or egg quality measures as compared with the other groups. Similarly, a depression in feed intake in wk 2 by hens consuming the Ho diets was also indicative of the hens adapting to the higher oil diets because after wk 3, the hens were able to maintain intakes similar to the hens fed the control diet. Generally, an early adaptation of birds to hemp-derived products during the rearing period may be necessary, particularly when higher level are used (30% HS, and 4.5% or above for Ho).
An increase in egg weight is related to the increase in yolk weight with age at the expense of the other egg components (Johnston and Gous, 2007) . The interior egg quality, particularly egg yolk weight, can be influenced by the dietary level of lipids (Ayerza and Coates, 1999) ; although all diets used in this study contained the same level of crude fat (isolipidic), there is evidence of increased egg weights in laying hens consuming high fat diet (Grobas et al., 2001 ) because of greater availability of fatty acids for yolk deposition (Whitehead, 1995) . The current data agree with earlier studies that provided limited evidence of an effect of different fat sources/levels on eggshell quality (Filardi et al., 2005) . overall, the current data provide additional support for the use of HS and Ho up to 30 and 9.0% Ho in laying hen diets without affecting either hen performance or the quality of their eggs. Hence, this study supports the hypothesis that hempseed products are safe for use in laying hen diets.
Whereas data on the efficacy of novel ingredients to support performance and quality measures are important, additional measures are necessary to support their safety for laying hens and satisfy regulatory agencies. To this end, the current study examined clinical markers of metabolic and hepatic health in hens consuming hemp-based products. The levels of plasma enzymes, AST and GGT, are often used for assessing liver function in laying hens (Fernandez et al., 1994) ; although CK activity was also included for the same purpose, the latter is not specific to the liver, but rather associated with damage to muscle membranes (Diaz et al., 1999 ). In the current study, although changes in enzymes were observed, there were no significant increases when hemp-product-containing diets were fed to the laying hens compared with the control group, hence supporting the safety of using these hemp-derived products in laying hen diets.
overall, the mean plasma CK activities for both treatments (HS and Ho) were observed to increase with the age of the laying hens, possibly reflecting a change in muscle activity, as was observed in our study; both groups of hens lost weight between wk 1 and 4 and gained weight by wk 6 (HS) and wk 7 (Ho). Although the overall plasma CK activities for both treatments (HS and Ho) were observed to increase with the age of the laying hens, there was no association between BW gain over the 2 periods (wk 6 and 12) and the CK values (P = 0.59 and 0.22 for HS and Ho treatments, respectively). The observed increases, however, are within the limits of previously (Diaz et al., 1999) documented values of 432 to 1,645 U/L indicated for hens at 33 wk of age. With respect to plasma AST and GGT levels, there were significant reductions in the levels of AST measured for hens consuming the 10 and 20% HS; GGT in hens consuming the 20% HS and 4.5% Ho; and AST and GGT (a result of diet × week interaction, 14 and 6% lower in wk 12 than 6; respectively) for the 30% HS containing diet in comparison with the control diet. As hemp oil is rich in polyunsaturated fatty acids, high inclusion levels may challenge hepatic capacity for metabolism, leading to atherosclerosis (Fraser et al., 1986) and fatty liver disease and associated hemorrhage (Hansen and Walzem, 1993; Hermier et al., 1994) . The latter are known to be more prevalent in hens consuming higher fat diets than other high-energy diets/highcarbohydrate diets (Zhang et al., 2008) . The absence of hemp effects on markers of hepatic and muscular damage provides clinical evidence of the safety of their respective inclusion in laying hen diets. In the current study, a reduction in the levels of GGT, at intermediary inclusion levels, is suggestive of reduced liver trauma with hemp product-containing diets in laying hen production, possibly due to its pharmacological activity (antioxidant property) given high γ-tocopherol levels (Leizer et al., 2000) . However, based on the magnitude of changes observed, although significant, the reduction in the levels of the plasma enzymes noted in this study may not be clinically relevant. The electrolytes Na, K, and Cl (Nobakht et al., 2006 ) are important for key physiological processes, including acid-base and osmotic balance (Borges et al., 2004) . In laying hens, these minerals are critical for optimal egg production, shell quality, feed efficiency, water intake, and BW gain (Hughes, 1988; Murakami et al., 2001; Pavlik et al., 2009) . Although a significant reduction of K level in the plasma was observed for laying hens consuming the 4.5% Ho enriched diet, a higher level of Ho (9.0%) did not result in a similar or further decline in K plasma level, raising questions as to clinical significance of this treatment effect. Additionally, no week effect or interaction with treatment effect was observed, providing evidence that the inclusion of the Ho did not alter the temporal patterns in changes in the level of the K in the plasma.
With respect to other minerals, plasma Ca and P levels in laying hens are also interrelated (Chandramoni et al., 1998; Kebreab et al., 2009) . The dietary Ca and P content have an effect on the body's effort to regulate the pH of the blood with a consequence on the acidbase balance (Keshavarz, 1994) . In laying hens, maintaining an optimal acid-base balance is necessary for bicarbonate homeostasis and eggshell formation (Pelicia et al., 2009) . Differences in eggshell quality have been attributed to changes in blood plasma mineral profiles in hens (Pavlik et al., 2009 ). In the current study, for either diet types (HS or Ho), the significant week effect in blood Ca and P levels likely reflects changes in the demand for both minerals with age. For example, the requirement for Ca is highest during peak egg production and can be reflected by serum/plasma calcium concentrations (Gyenis et al., 2006) . The increases with time, irrespective of diet, may reflect a relative oversupply of both Ca and P, in relation to metabolic needs, as the hens progress from peak production. A significant treatment × week interaction on blood Ca levels of hens fed diets containing HS (30% level), but not Ho, was primarily affected by results from wk 6, but the effect was lost later in the study; however, the explanation for this observation is not readily apparent.
Protein and Other Constituents
In laying hens, published ranges of plasma protein levels include 35 to 55 g/L for total protein and 13 to 28 g/L for albumin (Gyenis et al., 2006 ). In the current study, the plasma protein values for all groups of hens (Tables 4 and 5) were within a similar range. Although typically associated with muscle tissue hypertrophic growth (Gyenis et al., 2006) , the absence of significant main effects or interactions in these markers of N metabolism support the ability of the hemp products to provide both dietary energy (HS and Ho) and amino acids (HS) to meet metabolic demands. Hempseed protein, although somewhat limiting in lysine, has been shown to be highly digestible in rodent studies (House et al., 2010) . Similarly, a primary end product of protein metabolism, uric acid, measured in this study, was not affected by the treatment effects. However, plasma uric acid levels of this metabolite increased over time (wk 6 versus wk 12), likely reflecting a temporal shift in N metabolism relative to intake as the birds mature. Plasma glucose and cholesterol levels of all groups of hens were not significantly different. Although glucose is necessary as a source of energy in most cells, avian erythrocytes depend primarily on fatty acids, and not on glucose, as their energy source (Jones, 1999) ; nevertheless, the dietary treatments were balanced for energy and total fat content. Catalyzing the first step in the process that transports excess cholesterol back to the liver for secretion and excretion, lecithin-cholesterol acyltransferase possesses a high degree of protein sequence similarity (73%) in the chicken and human (Hengstschlager-ottnad et al., 1995) . Hence, this mechanism benefits the hen in controlling its blood cholesterol levels. However, a potential benefit of including hempseed products in animal diets may not be directly related to cholesterol homeostasis, but rather through the provision of the fatty acid gamma-linolenic acid, which has been reported to normalize cholesterol-induced platelet aggregation (Prociuk et al., 2008) . Whether additional benefits of increasing this fatty acid in poultry diets are realized is yet to be determined.
In summary, data from the current study provide valuable information as to metabolic responses of laying hens consuming diets containing HS and Ho, thus supporting their potential for use in laying hen diets. The study provides evidence that up to 30 or 9.0% inclusion of HS or Ho, respectively, in diets for laying hens could be provided without affecting hen performance and plasma chemistry. Whereas a decrease in egg weight with the 30% HS during the first 8 wk was observed, egg weights achieved a similar trend to those observed in hens consuming lower levels of hemp products. The latter data may indicate that higher levels of HS (i.e., 30%) can be well tolerated by the hens, but an early adaptation of birds to hemp-derived products during the rearing period may be required, particularly when used at higher levels.
